Structurally, glucuronides are the condensation products of hydroxyl-bearing compounds with the first, hemiacetal carbon of D-glucuronic acid. Two groups have been described (1) . Alcohols and phenols form ethereal glucuronides, which are resistant to hydrolysis by mild alkali and do not reduce alkaline copper reagents. Carboxylic acids form ester glucuronides, which are easily split by mild alkali to liberate free glucuronic acid, a reducing agent. The term acyl glucuronide is introduced here for members of the latter group to denote clearly conjugation via the carboxyl group.
Another chemical reaction characteristic of the acyl glucuronides is described in this report. At room temperature and neutral pH, the acyl group can be transferred to hydroxylamine to form characteristic hydroxamic acids (Reaction I). acids in man. Since urinary glucuronides have been found following the ingestion of benzoate, salicylate, and probenecid (1, 3) , observations were made on the metabolism of these clinically important drugs.
METHODS AND MATERIALS
Drug experiments. The subject was a healthy 28-year-old white male, weighing 60 kilos. His diet was not rigidly controlled, but remained fairly uniform throughout the period of investigation; all experiments were begun in the fasting state. At least 2 To estimate salicyl acyl glucuronide (SAG) in urine by this procedure, 6 N HCl is substituted for 3 N HCl to minimize the formation of purple products arising from salicylate and salicylurate. Further, a correction is made in each estimation by subtracting the optical density at 540 mFt of a similarly treated, hydroxylamine-free control. 2 The specificity of hydroxamate formation was studied with a series of 9 glucuronides, using 2.0 ,umoles of each in the assay. (The conditions are described in the legend to Figure 1 ). Only benzoyl-and o-methoxybenzoyl glucuronides yielded such products, and no reaction was observed with the glucuronides of salicylamide, N-acetyl salicylohydrazine, 3-hydroxycoumarin, pregnandiol, phenolphthalein, menthol, and borneol.
Identification of urinary acyl glucuronides. Urinary hydroxamate-forming materials appear after the administration of benzoate and salicylate. The following evidence identifies these as benzoyl-and salicyl acyl glucuro-2 A satisfactory method of eliminating blank values due to salicylate and salicylurate is to extract the reaction mixture after formation of salicyl hydroxamate with 4 volumes of ether at neutral pH. Salicylate and salicylurate remain behind, while over 90 per cent of the hydroxamate is extracted. An aliquot of the ether is evaporated and color developed with HC1 and ferric chloride. Values for acyl glucuronide in salicyl urine were identical, when estimated by both this procedure and that described in the text. nides (SAG), respectively. These compounds are completely hydrolyzed by 0.1 N NaOH in 10 minutes at room temperature, and 84 per cent hydrolyzed by incubation with bacterial B-glucuronidase (250 units per ml.) for 60 minutes at 380 C. A single hydroxamate spot was detected for each compound by paper chromatography of urinary aliquots, using Whatman No. 1 paper and the ascending technique, with water-saturated n-butanol: glacial acetic acid (80: 20, v/v) as the solvent system. These spots reduce aniline phthalate (4), and give a positive carbazole reaction for hexuronic acid (5) after elution into water. The benzoate metabolite moves at a rate (Rf 0.67) similar to that of crystalline benzoyl glucuronide. The salicylate conjugate (Rf 0.72) liberates free salicylate on hydrolysis in 6 N HC1 at 1000 C for 1 hour.
The hydroxamate derivatives of these urinary metabolites were extracted at neutral pH into ether and chromatographed on paper as described above, with watersaturated n-butanol as the developing solvent. Movement of the benzoyl derivative (Rf 0.79) corresponded to that of an authentic sample of benzoyl hydroxamate, and that of the salicyl compound (Rf 0.85) to crystalline salicyl hydroxamate.
That the urinary SAG is a monoglucuronide has been established in the following manner: its hydroxamate is completely extractable into ether, while that of the diglucuronide would be ether-insoluble. In addition, the hydroxamate is chromatographically homogeneous and identical in behavior with synthetic salicyl hydroxamate.
Estimation of urinary salicyl metabolites. In addition to SAG, salicyl phenolic glucuronide (SPG), salicylurate, and total salicyl were estimated.
SPG accounts for the difference between the quantity of SAG and the total salicyl glucuronide excreted. The latter is estimated by the salicylate liberated by bacterial P-glucuronidase. An aliquot of urine, adjusted to pH 2, is extracted twice with an equal volume of ether to remove salicylate and salicylurate, and readjusted to pH 6.0. Samples are withheld for initial salicylate (6) and SAG determinations. Five hundred units of ,-glucuronidase are added to each ml. of extracted urine, the mixture is incubated at 380 C for 8 hours, an identical amount of enzyme again added and the incubation repeated.8 Finally, 10 A reference standard solution of benzoyl hydroxamate was prepared by reaction of neutral hydroxylamine with recrystallized benzoic anhydride (14) . Crystalline salicylamide glucuronide (1740), o-methoxybenzoyl glucuronide (12340), and N-acetyl salicylohydrazine glucuronide (208-100) were gifts from Doctor R. T. Williams to Captain R. M. Dowben; 3-hydroxycoumarin glucuronide (207-8o) was a gift from Captain R. M. Dowben; menthol-, borneol-, pregnandiol-, and phenolphthalein glucuronides were purchased from the Sigma Chemical Company, as was the bacterial 8-glucuronidase. 4 In this procedure aliquots of salicyl urine are hydrolyzed to liberate salicylic acid, which is extracted into ether and estimated by reaction with ferric chloride. The "total salicyl" concentration so measured requires complete hydrolysis of all salicyl conjugates. However, 67.6 per cent of the glycine conjugate remains unhydrolyzed, as determined by the liberation of glycine (8) in similarly treated salicyluric acid solutions. Hence it is necessary to correct the observed total salicyl concentration for: 1) incomplete ether extraction of salicylurate (77.5 per cent as compared to 100 per cent for salicylate), and 2) relative intensity of the colored products formed with ferric chloride (84.0 per cent for salicylurate as compared to salicylate).
RESULTS

Ingestion of benzoate
In individual experiments, the subject was fed 6.9, 13.9, 34.7, and 69.3 millimoles of sodium benzoate.' Complete elimination of the drug as urinary hippurate and benzoyl glucuronide ensued in each instance, with final recoveries of 98 to 104 per cent. The relative amounts of benzoate conjugated with glycine and with glucuronic acid varied with the dosage, as shown in Figure 2 . The glucuronide moiety increased progressively from 0.4 per cent (0.03 millimoles) to 3.0 per cent (2.08 millimoles). Hippurate accounted for the bulk of conjugated benzoate throughout this dose range.
The cumulative urinary recovery of each metabolite is plotted in Figure 3 for a representative experiment. The recoveries of acyl glucuronide and hippurate ran a parallel course, a characteristic observed at all the dosage levels examined. Complete excretion of benzoate required 3 to 4 hours after the two smaller doses, and 10 to 14 hours after the larger amounts.
As indicated in Table I The right-and left-hand vertical scales refer to hippurate and benzoyl glucuronide, respectively. detected at a dosage level (6.9 millimoles) far below that required for maximal hippurate excretion. These observations fail to support the supposition (15) that the glucuronide synthesis is a reserve detoxication mechanism, operating only when the glycine supply is exceeded. Further pertinent evidence is obtained from the data in Figure 3 . After the seventh hour in this experiment, the excretion of hippurate was well below its maximal rate, yet significant benzoyl glucuronide excretion persisted.
Ingestion of salicylate Four experiments were performed, the subject ingesting 7.5, 15.0, 22.5, and 30.0 millimoles of sodium salicylate. 6 The relative quantities of urinary salicyl metabolites excreted after these doses are listed in Table II (12, 16) . SAG and SPG were present in about equal amounts. Cumulative urinary recoveries of the salicyl metabolites, in a representative experiment, are depicted in Figure 4 . Whereas total salicyl, salicylurate, and SAG ran a course parallel to each other with time, the recovery of SPG was relatively lower in the early hours and higher thereafter. The maximal rates of excretion (,&moles per minute) of the urinary products varied with the doses, as shown in Table II ; limiting values for these rates were not achieved in this range.
Characteristic differences in the excretory patterns of SAG and SPG were observed in all the 8 Corresponding to 1.0, 2.1, 3.1, and 4.2 grams. These are illustrated in Figure 5 .
The peak SAG excretory rates were observed within 5 to 10 hours after ingestion, with a rapid fall thereafter. By contrast, the SPG peak was (2), or to alcohols as esters (17) . It is of interest, therefore, that the acyl glucuronides, which constitute an intermediate category with acyl groups linked to a hemiacetalbearing carbon, also form hydroxamates. This provides a sensitive method for their chemical estimation, and further characterizes them as a unique group within the class of glucuronides.
Conversion to the stable hydroxamates offers the advantage of a trapping mechanism for the readily hydrolyzed acyl glucuronides. These hydroxamates are readily extracted, purified, and subsequently identified. As a differential reaction, the hydroxamate method allows separate estimation of acyl and non-acyl glucuronides in mixtures of both. These several advantages made possible the observations described in this report.
Excretion of benzoyl glucuronide could be detected following the administration of as little as 6.9 millimoles of benzoate, although several times this amount has been required in the past (15) . Thus it could be demonstrated that the glucuronide synthesis occurs independently, whether or not glycine conjugation is maximal. Only a minimal estimate of the actual rate of benzoyl glucuronide synthesis is obtained from the urinary recovery, as noted by Quick (15) . The extent to which this conjugate may be broken down in the body is suggested by the three-fold excess of urinary hexuronic acid relative to benzoyl glucuronide. Therefore, it seems inappropriate to designate benzoyl glucuronide formation as merely a spare detoxication mechanism.
